Several alkali metal salts that activated 18-crown-6 were applied as initiators of β-butyrolactone anionic ring-opening polymerization in tetrahydrofuran at room temperature. Some of them, i.e., Ph 2 PK, Ph 3 HBK, (Me 3 Si) 2 NK, and t-BuOK, deprotonate the monomer which results in macromolecules with trans-crotonate starting group. Other salts, for example, MeOK, i-PrOK, PhCH 2 OK, and CbK (Cb denotes carbazolyl group), deprotonate monomer or open its ring in the acyl-oxygen position. After ring-opening KOH forms as intermediate and initiates further polymerization. Ph 3 CK and monopotassium salt of ethylenediaminetetraacetic acid also deprotonate monomer and open its ring, however, in the alkyl-oxygen position. Monopotassium salts of glycolic acid, diglycolic acid, or malonic acid initiate polymerization mainly by ring opening in the alkyl-oxygen position. It results in the formation of polymers with two reactive terminal groups. The salts used react with the monomer as strong bases, nucleophilic bases, or nucleophiles. It determines unsaturation of the polymers obtained in the wide range of 2-100 mol%.
Introduction
Lactones are important monomers, which are easily polymerized by ring-opening mechanism giving biodegradable polyesters [1, 2] . Anionic polymerization of β-lactones yields polyesters exhibiting potential utility in medicine and environmental protection [3] [4] [5] [6] [7] . Initiators, which are most frequently used for β-lactones anionic 1 3 polymerization, are potassium salts of carboxylic acids. These systems involve, for example, potassium acetate, crotonate, or benzoate [8, 9] . Dibenzo-18-crown-6 (DB18C6) was applied for their activation in some cases. During the initiation and propagation, ring opening of the monomer occurs in the alkyl-oxygen position. The second class of initiators used is potassium alkoxides. Penczek et al. [10] stated that MeOK initiates polymerization of β-propiolactone (β-PL) by nucleophilic ring opening in two positions, i.e., alkyl-oxygen and acyl-oxygen in almost equal proportion. On the other hand, Dale et al. [11] reported that during the initiation of β-PL polymerization mediated with t-BuOK deprotonation of the monomer takes place. Similar effect was observed by Kircheldorf et al. [8] for β-butyrolactone (β-BL) polymerization in the presence of the same initiator. Contrary to these results, Jedliński et al. [12] stated that MeOK and t-BuOK activated with 18-crown-6 (18C6) initiates β-PL and β-BL polymerization exclusively by nucleophilic ring opening in the acyloxygen position. The authors proposed that the primary reaction product is unstable and eliminates KOH, which becomes the real initiator. The course of β-BL polymerization initiated with KOH activated with macrocyclic ligands was recently presented in details by us in [13] . We reported that KOH behaves in such systems as nucleophilic base, which deprotonates the monomer, as well as opens lactone ring in the acyl-oxygen position. However, exclusive deprotonation of β-BL during initiation was observed in the presence of strong bases, i.e., potassium hydride [14] and potassium naphthalenide [15] (both activated with 18C6) as well as with potassium 4-chlorothiophenolate [8] . In all β-BL polymerizations, the growing species are carboxylate anions.
The aim of present work was to reinvestigate the mechanism of β-BL polymerization initiated with potassium alkoxides activated with 18C6. MeOK, 18C6-CH 2 OK, i-PrOK, t-BuOK, and PhCH 2 OK were chosen for the study. Comparatively, several other alkali metal salts activated with macrocyclic ligands were tested as potential initiators of polymerization, namely NaH, KH, Ph 3 HBK, Ph 4 BK, Ph 3 CK, Ph 2 PK, (Me 3 Si) 2 NK and CbK (Cb denotes carbazolyl group). Monopotassium salts of glycolic acid, diglycolic acid, malonic acid, and ethylenediaminetetraacetic acid were also applied for synthesis of polyfunctional reactive poly(β-butyrolactone)s. All processes were carried out in tetrahydrofuran solution at room temperature. MALDI-TOF and NMR techniques were used for determination of chemical structure of the polymers obtained. Molar masses and dispersities of polymers were estimated by SEC chromatography.
Experimental
Materials β-Butyrolactone (Aldrich) was heated over CaH 2 for 6 h under a dry argon atmosphere and then distilled in vacuum; the fraction boiling at 47 °C/5 mmHg was collected (purity 99.6%). Distillation over metallic sodium is not recommended because the metal reacts with lactone [16] . Anhydrous tetrahydrofuran (THF) (Acros Organics) was kept over CaH 2 and distilled at 66 °C. Potassium hydride (KH) was purified according to the procedure described by Brown [17] . A 35 wt% dispersion of KH in mineral oil (Aldrich) was mixed with n-pentane in a dry argon atmosphere and then decanted. It was repeated three times followed by a threefold washing with dry THF. Finally, the solvent was evaporated in vacuum. Methanol, 18-crown-6-methanol, isopropanol, and benzyl alcohol (Aldrich) were dried over molecular sieves. Glycolic acid, diglycolic acid, malonic acid, and ethylenediaminetetraacetic acid (Aldrich) were used without purification. NaH, Ph 2 PK, Ph 3 HBK, Ph 4 BK, (Me 3 Si) 2 NK, Ph 3 CH, carbazole, and t-BuOK (1.0 M solution in THF) (Aldrich) as well as coronand 18-crown-6 and cryptand C222 (Merck) were also used as received. ) was evolved. This resulted in a fine dispersion of pure anhydrous potassium methoxide in the ether medium. That system was used as the initiator when β-butyrolactone (3.44 g, 40 mmol) was introduced into the reactor. Thus, the initial concentration of the monomer was 2.0 mol/dm 3 , and the initial concentration of the initiator was 0.1 mol/dm 3 . The reaction mixture was then stirred for several days. At 99% conversion of the monomer, methyl iodide was added to it as a quenching agent. After separation of potassium iodide precipitate from the system by filtration, THF was evaporated from the solution in vacuum at 50 °C, yielding a colorless viscous polymer. However, in some cases after complete conversion of the monomer, the reaction mixture was neutralized with HCl/H 2 O system (0.1 mol/dm 3 , 50 cm 3 ) and transferred to the separator containing chloroform (70 cm 3 ). After shaking during 5 min, two layers were obtained, i.e., interferior polyether layer and a superior layer containing water and KCl. These layers were separated, and superior layer was removed. After three washings with distilled water, polyester was obtained by evaporating of chloroform and water in vacuum at elevated temperature. The final conversion was usually 98-99% after 4 weeks which was estimated by chromatographic method. The yields of the reactions were 96-98%. Some of investigated processes were heterogeneous (e.g., initiated with CH 3 OK), and others were homogeneous (e.g., in the presence of Ph 3 CK).
Initiators synthesis and polymerization

Measurements
Subsequently, 100 MHz, 13 C NMR spectra were recorded in CDCl 3 at 25 °C on a BruckerAvance 400 pulsed spectrometer equipped with 5-mm broadband probe and applying Waltz16 decoupling sequence. Chemical shifts were referenced to tetramethylsilane serving as an internal standard. To obtain a good spectrum of the polymer main chain exhibiting its microstructural details, about 3000 scans were satisfactory, but in order to observe the signals of the polymer chain ends, more then 10,000 scans were necessary. Molar masses and dispersities of polymers were obtained by means of size exclusion chromatography (SEC) on a Shimadzu Prominance UFLC instrument at 40 °C on a Shodex 300 mm × 8 mm OHpac column using tetrahydrofuran as a solvent. The detector was low-temperature evaporative light scattering detector (ELSD-LTII) and with polystyrenes used as calibration standards. Matrix-assisted laser desorption/ionization time-offlight (MALDI-TOF) spectra were recorded on a Shimadzu AXIMA Performance instrument. The mass spectrometer operated in linear mode. The laser power was optimized to obtain a good signal-to-noise ratio after averaging 250 single-shot spectra. Dithranol was used as a matrix (10.0 mg/mL) and polymer samples were dissolved in tetrahydrofuran (2.0 mg/mL) producing clear, homogenous solutions. By using a pipette, 0.5 μL of sample solution and 0.5 μL of matrix solution were applied onto a stainless-steel target plate and then air-dried at room temperature for several minutes. Data were acquired in continuum mode until acceptable averaged data were obtained and were analyzed using Shimadzu Biotech Launchpad program.
Results and discussion
Reinvestigation of initiation course of β-BL polymerization with potassium alkoxides activated with 18C6
It was observed that potassium alkoxides nonactivated with macrocyclic ligand did not initiate β-BL polymerization at room temperature. However, in the presence of ligand 18C6, which strongly complexes potassium cation, polymerization proceeded with relatively short time and high conversion of the monomer. It resulted from the high activation of growing species, which converted the contact or solvent separated ion pairs into crown separated ion pairs and free ions [3, 18] .
MALDI-TOF spectra of polymers obtained in the presence of potassium alkoxides activated with 18C6, i.e., MeOK, 18C6-CH 2 OK, EtOK, i-PrOK, and PhCH 2 OK, are very similar. Figure 1 shows, for example, the spectrum of poly(β-BL) prepared with use of i-PrO − K + (a circle denotes 18C6). The series of signals at m/z 844.9 to 2736.6 represents potassium adduct ions of macromolecules with hydroxyl and methoxycarbonyl end groups. The former formed at the early stage of the polymerization and the latter resulted from quenching of potassium carboxylate end growing species with MeI. For example, the peaks at m/z 1016.8, 1531.9, and 2047.6 represent ions of macromolecules A (Scheme 1) with 11, 17, and 23 β-butyrolactone units (M calc = 1018.1, 1534.6 and 2051.2), respectively.
The second series of peaks at m/z 741.1 to 2976.7 represents potassium adduct ions of macromolecules with trans-crotonate and methoxycarbonyl end groups.
For example, the peaks at m/z 998.8, 1686.3 and 2718.2 represent potassium adduct ions of macromolecules B (Scheme 2) with 10, 18 and 30 β-butyrolactone units (M calc = 1000.1, 1688.8 and 2721.9), respectively. Analysis of this polymer by 13 C NMR method confirms the formation of macromolecules A and B. The spectrum reveals the signals of trans-CH 3 CH = CHCOO-(at 122.62 and 144.70 ppm) (Fig. 2) , HOCH(CH 3 ) CH 2 -(at 64.20 ppm) and -COOCH 3 (at 51.66 ppm) end groups. No signal of end group derived from initiator, namely (CH 3 ) 2 CHO-(at 22.21 ppm), was shown in the spectrum. Data characterizing the obtained polymers are presented in Table 1 .
Chromatographic analysis (GC-MS) of the reaction mixture indicated the formation of trans-crotonic acid isopropyl ester. Formation of macromolecules A and B was reported recently by us in the polymerization of β-BL initiated with anhydrous KOH activated 18C6 [13] . It indicated that KOH really formed in the studied systems and initiated β-BL polymerization. It is also worth noting that elimination of KOH was observed earlier in other systems. For example [17] , in the reaction of KH with acetone or other ketones, deprotonation occurs leading to the formation of potassium enolate. This compound adds to the carbonyl group of ketone giving the intermediate product, which decomposes by elimination of KOH. Figure 3 shows chromatogram of poly(β-BL) prepared with use of i-PrO − K + and quenched with MeI.
Scheme 3 presents new corrected version of β-butyrolactone polymerization, in which alkoxy and hydroxyl anions behave as nucleophilic bases in initiation step. On the other hand, MALDI-TOF analysis of the polymer prepared with the use of tBuO − K + (5) indicated that this initiator mainly deprotonates β-BL resulting in the formation of macromolecules B. In this case, only weak signals of macromolecules A were shown in MALDI-TOF spectrum. No signal of (CH 3 ) 3 CO-end group was found in 13 C NMR spectrum of the polymer. It indicates that t-butoxide anions behave during the initiation step mainly as a strong base. Moreover, 13 C NMR and MALDI-TOF analysis of all the polymers obtained by potassium alkoxides indicated the absence of macromolecules with -COOH end groups. It means that chain transfer reactions to the monomer, ROH or H 2 O, were strongly limited. Several other anionic systems were also applied for β-BL polymerization. It was observed that such species as NaH, NaH/15C5, NaH/18C6, KH KH/15C5, and Ph 4 BK/18C6 did not initiate polymerization. Others indicate various behaviors in the initiation step ( 
Synthesis of poly(β-BL)s with reactive terminal groups
Monopotassium salts of several carboxylic acids were prepared and applied for initiation of β-BL polymerization in order to obtain reactive polyfunctional polyesters [19] [20] [21] . The results of polymers analysis are presented in Table 3 . 13 C NMR analysis of polymers prepared by use of monopotassium salt of malonic acid (14) or diglycolic acid (15) indicated very low content of transcrotonate end groups in the polymers. MALDI-TOF technique confirmed the It was proposed that during the initiation the alkyl-oxygen bond cleavage takes place and propagation occurs in two directions resulting in macromolecules D after protonation (Scheme 6).
Signals of macromolecules with trans-crotonate end groups were not observed in MALDI-TOF spectrum. Strong reduction in unsaturation in this case could be explained by the presence of free carboxyl groups which possess much more active hydrogen atoms than CH 2 group in the monomer. Thus, deprotonation of the latter is much more slower than that of the former.
However, application of monopotassium salt of glycolic acid activated with 18C6 (16) for initiation results in distinct increase in the polymer unsaturation. We suggest that formation of alkoxide anions in equilibrium reaction shown on Scheme 7 is mainly responsible for monomer deprotonation. In this case, the polymer growth takes place exclusively on carboxylate centers, i.e., propagation occurs in one direction.
MALDI-TOF spectrum of polymer (16) 
However, the most interesting initiator used was monopotassium salt of ethylenediaminetetraacetic acid activated with 18C6 (17) due to the presence in the molecule one active carboxylate group and two nitrogen atoms with free electron pairs. It results in higher increase in unsaturation of the polymer obtained ( 13 C NMR). We propose that deprotonation of the monomer by ethylenediamine fragment is responsible for this effect (Scheme 8). Similar mechanism was proposed earlier by Kircheldorf et al. [8] for β-BL polymerization initiated with triethylamine. Analysis of the polymer by MALDI-TOF spectrometry confirmed the proposed polymer structure. Spectrum is presented in Fig. 7 .
The main series of signals at m/z 814.0 to 3827.5 which belong to macromolecules possessing trans-crotonate and carboxyl end groups. They form adducts with In summary, the kind of initiator used strongly influences unsaturation of polymers obtained in anionic polymerization of β-butyrolactone. It results in polymers containing trans-crotonate end groups in wide range of 2-100 mol%. Basicity/nucleophilicity ratio of initiators is responsible for this phenomenon (Scheme 9). 
Conclusions
In the present work, the course of initiation step in anionic ring-opening polymerization of β-butyrolactone was studied. Several sodium or potassium salts of different anions were applied as initiators. The most important observations resulting from this work were presented below.
• MeOK, EtOK, 
